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ABSTRACT 

This paper studies the apparent ground resistivity in two-horizontal layer ground and in 

two-vertical layer ground through the site measurements obtained. Wenner method was used to 

measure apparent ground resistance in different grounds. A numerical model was proposed to 

model the four electrode buried in ground. The apparent ground resistivity had been studied for 

different conditions which are two-horizontal and -vertical layer grounds. Field measurements 

had been done in various sites close to water channel and also far away from any apparent 

vertical layer ground. Generally, the calculated results agreed with the measured results. 

Analytical calculations had been proposed to distinguish between two-horizontal and 

two-vertical layer ground. 

Keywords: Four-electrode method, Two layer ground, Vertical layer ground, Horizontal layer 

ground, Ground resistivity 

1. Introduction 

Ground resistivity measurements have been concerned by many researchers and engineers 

for a long time. There are many techniques used in measuring ground resistivity. The 

theoretical basics of obtaining ground resistivity based on injecting a current into a ground 

through outer electrodes buried into the ground. The resultant potential of inner 

electrodeswas divided by the injected current and resulted in an apparent ground resistivity. 

Those methods that incorporate this technique are four electrode method and deep electrode 

method. These methods relate the measured resistance and physical dimensions of the 

experiment and ground resistivity. For the four electrode method, the relation between the 

physical experiment, apparent ground resistivity and measured resistance is as follows [1]: 
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wherea = the spacing between electrodes (m), V = the measured voltage between inner 

pair electrodes (V), I = the source current between outer pair electrodes (A). 
 

The real ground is not homogenous in vertical and horizontal directions. For more 

accurate considerations, a two-horizontal layer ground was assumed and the apparent 

resistivity a formula was as follows [1, 2]: 
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Whereh : first layer depth,1 : first layer resistivity .m, 2 : second layer resistivity .m,



386 

Numerical and experimental analysis of wenner method in two- horizontal and vertical layer ……… 

2 1

2 1

k
 
 





: Reflection factor, n : iterated image number. 

Otherwise, numerical methods are used to model the ground as multi-horizontal layer 

ground to relate between the apparent ground resistivity, ground parameters and physical 

experiment dimensions [3- 6]. 

To estimate the ground parameters, different measurements might be done and ground 

resistivity equations might be solved at these different measurements.  By solving these 

equations, the ground parameters such as ground layers resistivity and depth would be 

obtained. Different techniques were used to solve these equations.  For instance, Newton 

Raphson method and Genetic algorithm etc. are used [7-12]. 

As the measurements were done in the field yards and it was a manual practice, 

someunavoidable errors in measurements which are due to experiment arrangements such 

as electrode arrangements [13-14] or experiment wires coupling [15-16]. Sometimes the 

errors were due to the present of external conditions such as the existence of buried 

metallic structures in ground [17]. 

The presence of vertical layer ground had been studied before by many researchers 

[18-22]. The outlook for four electrode method results in vertical layer ground is similar to 

that of horizontal results.If four electrodes were buried in a two-vertical layer ground, a 

relation between   the experiment physical dimensions, ground parameters and apparent 

ground resistivity measurements will be as follows [22]: 
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whered : perpendicular distance between the first electrode and the second layer, β : angle 

between the line where four electrodes lied on with the perpendicular direction to the interface 

between the two layers. 

As the ground may not be homogenous in vertical directions, the assumption of 

two-horizontal layer ground may not be accurate. The estimated parameters due to this 

assumption will be inaccurate..  Hereby, this paper studies the characteristics of 

four-electrode measurements in two-vertical layer ground and two-horizontal layer ground. 

The comparison between different ground models showed the main differences between 

these measurements for the engineers to differentiate and decide which model to be 

utilized. Field measurements had been done to verify the calculated results. 
 

2. Calculation Model 
 

2.1.Case studies  
The ground was modeled as two-horizontal layer ground and two-vertical layer ground, 

as depicted in Fig. 1. Four electrodes are located at the same line and separated by equal 

distance “a” from each other.  This is illustrated in Figure 1(a).. The top layer ground has 

resistivity “1” and “h” depth. The bottom layer ground has resistivity “2” and this can be 

extended to infinity. Figure 1(b) shows four electrodes buried in two vertical layer ground. 

The four electrodes are located at layer “1”. Electrode “1” is spaced from the interface 

surface by distance “d” and the four electrodes are locate at a line and this line made angle 

“” with perpendicular to the boundary surface. To model the electrodes in different 

ground, each electrode is divided into “N” balls [23]. To satisfy the boundary between the 

two layers ground and the air for the vertical and horizontal layer grounds, a successive 



387 

Mohamed Nayel
 

Fig. 1. Four electrodes arrangement for different ground models 

image technique had been assumed as shown in Fig. 2(a) and 2(b). The relationship 

between the voltage and current can be written as: 
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whereIjiis the current of the i
th
 ball in j

th
 electrode (j = 1; 2; 3; 4), Vjis the voltage of the j

th
 

electrode, Ro.pis the mutual impedance element, Rjn.jnis the self-impedance of the n
th
 sphere 

in j
th
 electrode. 

The four electrodes have unknown conducting (equipotential) surfaces V1,V2,V3 and V4. 

The summation of currents diffused to the soil from the spheres of outer electrode is equal 

to other outer electrode with negative value, where the currents of the spheres of two inner 

electrodes (voltage probes) are equal to 0. By multiplying the two sides of equation (4) by 

the inverse of resistance matrix, equation will be as follow: 
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(a) Two-horizontal layer ground model    (b) Two- vertical layer ground model 

 

 

The G matrix in equation (5) are divided into 44 matrixes. The elements of each 

sub-matrix are summited together.  So, equation (5) is minimized to be direct relations 

between four electrodes voltages and currents as shown in equation (6).  
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Both sides of equation 6 are multiplied by the inverse of matrix G\. 
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Then, the apparent resistance of the soil is 

I

VV
Ra

32                                            (8) 

2.2. Calculated results 
 

Fig. 3 shows the calculated apparent ground resistivity related to first layer ground for 

different angle, at polar coordination for horizontal and vertical-layer ground. The 

calculated results are done at reflection factor 0.8182 and -0.8182. As shown in Fig. 3, the 

relative apparent ground resistivity at two-horizontal layer ground has no change in the 

calculated values with respect to the change in angle “” for the similar ground reflection 

factor 0.8182 and -0.8182. The relative apparent ground resistivity for vertical two layer 

ground has a little change when angle  near 180° and -180°. Otherwise, there is no 

difference when angle  less than 108° and -108°. 

Fig. 4 shows the calculated relative apparent ground resistivity at two-vertical layer 

ground with the angle of “” for different distance a (1m, 5m and 10m) and different 

reflection factor “k” (0.8182 and -0.8182). For positive reflection factor (0.8182), the 

relative apparent ground resistivity increases with angle “” as it is close to 90
° 
and vise 

verse for negative reflection factor (-0.8182). As the distance “a” increases, the differences 

in relative apparent ground resistivity also increases. 

Fig. 5 shows the calculated relative apparent ground resistivity for two-vertical layer 

ground with a distance a for different reflection factor (0.8182 and -0.8182) and different 

distances d (1 m and 10 m) when = 90
O. As distance “a” increases, the relative apparent 

ground resistivity increases for positive reflection factor and this resistivity decreases for 

negative reflection factor. The change in relative apparent ground resistivity increases as 

distance d decreases. 
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Fig. 3. Relative apparent ground resistivity for different angles  at polar 

coordinates for two- horizontal/vertical layer ground and k= 0.8182 and -0.8182. 
 

Fig. 6 shows the calculated relative apparent ground resistivity at two- horizontal layer 

ground with distance “a” for different reflection factor k (0.8182 and -0.8182) and 

different top layer ground depth h (1 m, and 10 m). As distance “a” increases as the 

relative apparent ground resistivity increases for positive reflection factor and vise verse 

for negative reflection factor. The change in relative apparent ground resistivity increases 

as top-layer ground depth “h” decreases. The changes in relative apparent ground 

resistivity with distance “a” in two-horizontal layer ground case, as shown in Fig. 5, is 

larger than that in two-vertical layer ground case, as shown in Fig. 6. 

 

Fig. 4. Relative apparent ground resistivity for different distance a andreflection 

factor vs. angle  for two- vertical layer ground. 
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Fig. 5. Relative apparent ground resistivity of different distance afork (0.8182 and -

0.8182) and d (1m and 10m) for two- vertical layer ground. 

 

Fig. 6. Relative apparent ground resistivity of different distance a andreflection 

factor vs. angle  for two- horizontal layer ground. 
 

3. Field measurements 
 

Many measurements had been carried out to investigate the calculation results. To 

achieve this goal, six different measurement cases had been done at two different sites. For 

each case, the measurements were done for different distance “a” (for e.g. 1, 2, 3, 4, 5, 6, 7, 

8, 9 and 10m) as much as possible.  These measurements were done twice in two 

perpendicular directions to test the effect of vertical layer ground on these measurements. 

The ground tester with Fluke 1623 model was used in these measurements with  2 % 

intrinsic error and  5 % of operating error. 



391 

Mohamed Nayel
 

 

Fig. 7. Sketch for site 1 
 

 

Fig. 8. Sketch for site 2. 
 

3.1. Measurement sites 
 

Site 1 is located at XJTLU university south campus. It is a flat garden of 260  600 m2 

and surrounded by water channels from 3 sides. Fig. 7 shows the locations of studied cases 

1-1, 1-2, 1-3 and case 2. Site 2 is located at Suzhou Industrial Park (SIP) in the front of the 

local stadium. It has a huge area and there is a water channel passing through it. Fig. 8 

shows the locations of studied cases 3-1 and 3-2. The measurements in site 2 had been 

made at three directions 0°, 45° and 90° to ensure that the changes of measured ground 

resistance are consistent with the change in the angle. 
 

3.2 Measurement results 
 

Fig. 9 shows the measured ground resistance and obtained apparent ground resistivity at 

different cases (1-1, 1-2, 1-3, 2, 3-1 and 3-2). The measured ground resistance decreases as 

distance “a” between electrodes increases. There are no significant differences between the 

measured ground resistance at 0
o
 and 90

o
 directions for the same case. As the 

measurements are done closer to the water channel (cases 1-1, 1-2, 1-3 and 3-2), the 

calculated apparent ground resistivities for perpendicular measurements increases.  The 

apparent ground resistivities at far distance from water channels, nearly, they have lower 

change between the perpendicular directions measurements as in case 2 and case 3-1. Also, 

these measured results agree consistent with the calculated results in Fig. 3.  
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(a) Case 1-1 (b) Case 1-2 

  

(c) Case 1-3 (d) Case 2 

 
 

(e) Case 3-1 (f) Case 3-2 

Fig. 9. Measured apparent ground resistance/resistivity results versus distance a by 

using four-electrode method. 
 

Table 1 summarizes the average measurements of apparent ground resitivities in two 

perpendicular directions (a90
o
-avr and a 0

o
-avr). The comparison between the measured results 
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and the calculated results shows good agreement. The calculated results are calculated for the 

first layer ground resistivity shown in table 1 at the last column, where the second layer ground 

resistivity of all cases is equal to zero.  The results show that a-avr is closer to ap-avr when 

measurements are far from water channels as the ground is supposed to be horizontal layer 

ground or uniform ground. On the contrary, the differences tend to be wider for the cases which 

are closer to the water channels as these are vertical layer ground.  

To reduce the random errors, the apparent ground resistivities had been differentiated with 

distance a and angle  as follows: 
 

a n=avr[(a n-1-2.a n+a n+1)/2],   a-n ang=avr[2(a n 90
o
-a n 0

o
)/]       (9) 

 

The presence of vertical layer ground a-n angare much higher than a n as in cases 1-1, 1-2, 

1-3 and 3-2 which agrees with calculated results in Figs 3, 4, 5 and 6. The proposed horizontal 

layer ground d are much higher than a-nang. These characteristics agree with the 

characteristics of the differential equations of 1, 2 and 3 with distance “a" and angle “”. 
 

Table 1. 
Measured/calculated results. 

 

Case a 90
o

-avr a 0
o

-avr a ang a 1 

1-1 15.98/15.997 16.44/15.998 0.774 0.272 16.5 

1-2 15.25/15.953 14.39/15.955 0.530 0.233 16.5 

1-3 15.30 15.79 0.484 0.441 - 

2 13.83/13.755 13.68/13.755 0.264 0.474 - 

3-1 16.55/16.498 15.91/16.499 0.31 0.359 16.7 

3-2 16.61/16.458 14.32/14.221 2.383 0.694 16.7 
 

4. Conclusions 
 

The present of vertical layer ground effects on the four electrode method measurements are 

investigated in this work. From the results, the measurements at two perpendicular directions 

can differentiate between vertical and horizontal layer grounds. The change in apparent ground 

resistivity for two-horizontal layer ground case is much higher than that for two-vertical layer 

ground case with the increase of the distance between the measurement electrodes. There is no 

change in measured apparent ground resistivity with the change of measurement directions for 

two-horizontal layer ground. However, then change is significant in measured apparent ground 

resistivity with change of measurement directions for two-vertical layer ground.  As such, it is 

recommended to do some structural testing for groundings so as to verify the existence of any 

vertical or horizontal structure before the installation or design of the grounding system for 

efficient protection purposes. 
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 رأسيتين و أفقيتين طبقتين ΫاΕ فيارضباستΪΨاϡ طريقΔ عΩΪيΔ و عمϠيΔ  وينر طريقΔ تحϠيل

 المΨϠص العربى:

تαέΪ هϩά الوέقΔ مقϭΎمΔ اأνέ الϨوعيΔ الظΎهريΔ في اΫ νέاΒρ Εقتين أفقيتين έ ϭأسيتين مΨϨال قيΎسΕΎ تم 

ΔفϠتΨمن مواقع م ΎϬيϠول عμالح .ΔوعيϨال ΔمϭΎالمق αΎر لقيϨيϭ ΏوϠأس ϡاΪΨستΎلك بΫϭ  فϭرυ في νέلأ ΔهريΎالظ

ΔفϠتΨم .νέفي اأ ΔفونΪالم Δبعέاأ ΏΎτيل ااقΜلتم ϱΩΪع ΝΫنمو Ρاقترϭ . ΔهريΎالظ νέاأ ΔمϭΎست مقέΩ Ϊلقϭ

أنΕΰΠ القيΎسΕΎ الميΪانيΔ في مواقع مΨتϠفΔ بΎلقرΏ من قΓΎϨ .لظرϭف مΨتϠفΔ عϰϠ أسΒρ αΎقتين أفقيتين έ ϭأسيتين  

ϭ بوجه عϡΎ لقΪ اتفقت الϨتΎئج المقΎسΔ مع الϨتΎئج . ا Βρقέ ΕΎأسيΎυ Δهريϭ ΔاضحΔلϠميϭ ϩΎأيΎπ بعيΪا فϰ أνέ ب

  .الحسΎبيϭ .Δ لقΪ تم افتراρ νريقΔ عΩΪيΔ تحϠيϠيΔ لϠتمييΰبين اΫ νέاΒρ Εقتين أفقيتين έ ϭأسيتين 

 

 

 


